Abstract: Normal aging involves a gradual breakdown of physiological processes that leads to a decline in cognitive functions and brain integrity, yet the onset and progression of decline are variable among older individuals. While many biological changes may contribute to this degree of variability, oxidative stress is a key mechanism of the aging process that can cause direct damage to cellular architecture within the brain. Oligodendrocytes are at a high risk for oxidative damage due to their role in myelin maintenance and production and limited repair mechanisms, suggesting that white matter may be particularly vulnerable to oxidative activity. Antioxidant defense enzymes within the brain, such as superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and glutathione-S-transferase (GST), are crucial for breaking down the harmful end products of oxidative phosphorylation. Previous studies have revealed that allele variations of polymorphisms that encode these antioxidants are associated with abnormalities in SOD, CAT, GPx, and GST activity in the central nervous system. This review will focus on the role of oxidative stress in the aging brain and the impact of decreased antioxidant defense on brain integrity and cognitive function. Directions for future research investigations of antioxidant defense genes will also be discussed.
Introduction
Cognitive dysfunction is common in advanced age, yet the development and progression of cognitive difficulties are recognized as variable across individuals (Salthouse, 2004; Lindenberger and von Oertzen, 2006; MacDonald et al., 2006; Glisky 2007) . Although many biological changes contribute to variability in brain aging, the literature indicates an important impact of oxidative stress on brain deterioration among older individuals (Mariani et al., 2005; Muller et al., 2007) . Genetic polymorphisms that encode antioxidant enzymes in the brain are integral for neuroprotection against oxidative damage (Wilson 1997; Allen, 1998; Mattson et al., 2002; Borrás et al., 2003; Fujimura et al., 2005) , and it is possible that genetic risk for antioxidant deficiencies is a key factor associated with variability in cognitive aging (Kachiwala et al., 2005) . This review will focus on the impact of oxidative stress and antioxidant defense mechanisms on the aging brain, with particular emphasis on genetic risk factors for increased oxidative damage and neurodegeneration. The functional implications of these risk factors will be discussed, along with methodological considerations for future research.
Brain aging
Aging is associated with a systemic decline in cellular processes that leads to structural brain changes and cognitive difficulties (Mitrushina and Satz, 1991; Grigsby et al., 1995; Zelinski and Burnight, 1997; Caffarra et al., 2004; Holtzer et al., 2004) . Reductions in total brain volume begin to occur around 40-50 years of age (Miller et al., 1980; Pfefferbaum et al., 1994; Ge et al., 2002) and typically follow an anterior to posterior gradient of degeneration (Head et al., 2004; Ardekani et al., 2007) . Although total brain volume remains relatively preserved until the fifth decade, a steady decline in gray matter begins in early adulthood and continues throughout the lifespan (Pfefferbaum et al., 1994; Ge et al., 2002) . By contrast, white matter aging follows a quadratic pattern of change that peaks around the fourth decade and declines thereafter (Ge et al., 2002; Sowell et al., 2003; Giorgio et al., 2010) . The inverse relationship between gray matter and white matter in early adulthood likely contributes to the relative stability of total brain volume (defined strictly by gray and white matter tissue) until middle age and also suggests that decline in total brain volume is heavily dependent on the transition from white matter maturation to degeneration in middle adulthood (Ge et al., 2002) . This idea is consistent with evidence that white matter, not gray matter, partially mediates the relationship between normal aging and increased intraindividual variability on various cognitive tasks (Moy et al., 2011) .
While early studies of brain aging focused on the importance of gray matter reductions, there is increasing interest in the importance of white matter decline as it relates to overall brain integrity with advanced age (Bartzokis, 2004; Head et al., 2004; Salat et al., 2009) . Histological studies have revealed significant age-related changes in myelin integrity, including decreased pallor, splitting of myelin lamellae, and formation of myelin balloons (Peters, 2002) . Over time, these microstructural changes result in myelin rarefaction, decreased fiber length, and a decrease in the total number of myelinated axons (Marner et al., 2003) . These microstructural white matter changes contribute to age-related cognitive decline (Peters, 2002; Peters and Kemper, 2012) and are often a result of chronic oxidative damage (Bartzokis, 2004) . Given these established relationships, it is likely that variability in cognitive aging is partly mediated by individual differences in oxidative damage to white matter microstructure.
Neurobiology of oxidative stress
Under normal physiological conditions, human brain cells consume 20% of total oxygen intake, despite accounting for < 2% of body weight (Aoyama et al., 2008) . More than 95% of cellular oxygen is used for adenosine triphosphate (ATP) synthesis during oxidative phosphorylation (OXPHOS; Reiter, 1995) , reducing the remaining oxygen ( < 5%) to harmful reactive oxygen species (ROS) such as superoxide anion (O 2 -) and hydrogen peroxide (H 2 O 2 ; Hensley et al., 2000) . Production of these highly toxic ROS can result in protein modification and DNA strand breaks (Dringen, 2000) , particularly in the mitochondrial electron transport chain (Hensley et al., 2000) .
Because mitochondria are a major source of ROS production, alterations in organelle structure reduce detoxification capacity, resulting in a net increase in ROS (Lin and Beal, 2006) . As ROS are replicated, mitochondria become further impaired, damaging other organelles and causing mutations to mitochondrial DNA (mtDNA; Mecocci et al., 1993) . Point mutations and deletions begin to occur around the third decade and accumulate with age (Wei and Lee, 2002) . The repair capacity of mtDNA has also shown to be tissue specific, with oligodendrocytes (OLs) demonstrating less efficient repair mechanisms compared with other brain cells (Hollensworth et al., 2000; LeDoux et al., 2007) .
OLs are particularly susceptible to oxidative damage due to the high metabolic rate of myelin maintenance and production (Connor and Menzies, 1996; McTigue and Tripathi, 2008) . In order to synthesize large quantities of myelin, OLs require high concentrations of ATP and iron that cause an increase in OXPHOS (Connor and Menzies, 1996) . H 2 O 2 is a toxic byproduct of OXPHOS that reacts with iron to produce ROS when it is not fully metabolized (Rouault and Cooperman, 2006) , including the production of the highly toxic hydroxyl radical (Smith et al., 1999) . There is also in vitro evidence that excess H 2 O 2 is a direct cause of DNA damage and OL apoptosis (Ladiwala et al., 1999; Uberti et al., 1999; Mouzannar et al., 2001; Wosik et al., 2003) .
In addition to high iron content, OLs contain low levels of antioxidants, thereby increasing their vulnerability to free radical reactions (Bartzokis, 2004) . One antioxidant that is found in remarkably low concentrations is the tri peptide glutathione (GSH), made up of glutamate, cysteine, and glyceine (Meister and Anderson, 1983) . Although GSH is a critical neutralizer of free radical toxicity in OLs, it is highly sensitive to intracellular shifts in oxidative state (Dröge, 2005) . ROS accumulation can trigger the reduction of GSH to oxidized GSH disulfide, thereby depleting intracellular GSH and leaving OLs increasingly vulnerable to oxidative damage (Dröge, 2005) . Although GSH redox can be reversed, the intracellular ratio of reduced GSH to oxidized GSH is heavily influenced by oxidative alterations in signaling pathways and surrounding GSH concentrations (Jozefczak et al., 2012) .
Neuropathology of oxidative stress in the aging brain
Age-related increases in ROS promote immunoscenescence in the central nervous system (CNS) through activation of inflammasomes (Cannizzo et al., 2011; Salminen et al., 2012) . Inflammasome complexes facilitate cytokine maturation and pyroptosis (an apoptosis analog specific to inflammation) and are highly expressed in OLs (Kummer et al., 2007) . The cytokine interleukin-1β (IL-1β) is a specific target of inflammasomes that has been implicated in the development of Alzheimer's disease (AD) pathology (Rothwell and Luheshi, 2000) . Specifically, IL-1β can induce tau phosphorylation and Aβ neurotoxicity (Friedman, 2005) , causing direct damage to myelin sheaths (de Chaves and Narayanaswami, 2008) . Aβ interactions with neuronal membranes can also induce inflammasome activation when there is a potassium efflux in Aβ ion channels (Salminen and Kaarniranta, 2009) . These pathological interactions result in a chronic state of low-grade inflammation that reduces cellular antioxidant capacity and causes aggregated damage to macromolecules (López-Armada et al., 2013) . Because antioxidant concentrations are normally low in OLs, age-related decline in antioxidant capacity further leads to mitochondrial dysfunction and neural cell death (Farooqui and Farooqui, 2009) .
The vascular endothelium of brain microvessels is another vulnerable target of oxidative stress (Calingasan and Gibson, 2000; Kobayashi et al., 2005; Zhu et al., 2007) . Pathological accumulation of ROS in the vessel wall causes endothelial damage and has been implicated in the pathogenesis of cerebrovascular disease (CVD; Olmez and Ozyurt, 2012) . Because CVD is evident in cerebral white matter in the majority of individuals over the age of 65 (Soderlund et al., 2003; Paul et al., 2005) , oxidative stress has been identified as a mechanism of vascular aging (Csiszar and Ungvari, 2010) . Vascular aging is broadly characterized by progressive changes in hemodynamic stability and vessel structure (Lakatta, 2002; Laurent et al., 2006; Nilsson et al., 2008) , which render the cerebrovasculature susceptible to inflammatory and ischemic processes (Sierra et al., 2011) . These changes collectively up-regulate free radical production, causing further oxidative damage and increased risk for ischemic stroke (Love, 1999) .
The oxidative properties of the aging brain indicate that oxidative stress is part of a negative feedback loop that damages the cerebrovascular system and cellular architecture of brain white matter. Given the limited repair mechanisms of the aging brain, white matter may be susceptible to morphometric changes under conditions of chronic oxidative stress and decreased antioxidant defense. Importantly, individual differences in oxidative load may contribute to variability associated with brain aging and cognitive decline.
Relationships between oxidative stress and cognitive processes
Modest concentrations of ROS are necessary for learning and memory consolidation (Serrano and Klann, 2004) . In fact, long-term potentiation (LTP) can be attenuated from an imbalance of low ROS and high antioxidant levels (Thiels et al., 2000; Knapp and Klann, 2002) . ROS molecules such as O 2 -and H 2 O 2 are critical for LTP and synaptic plasticity in the hippocampus. Activation of the N-methyld-aspartate (NMDA) receptor is also critical for LTP and synaptic plasticity and is a direct source of ROS generation in the glutamatergic pathway (Kishida and Klann, 2007) . ROS produced from NMDA receptor activation causes oxidation of the protein kinase C substrate neurogranin, which has shown to initiate LTP (Kishida and Klann, 2007) .
A homeostatic imbalance of ROS and antioxidants, however, is believed to be a major determinant of cognitive dysfunction. Animal studies have demonstrated positive associations between age-related increases in ROS and impaired LTP (Auerbach and Segal, 1997; Watson et al., 2002) , which is supported by observed relationships between hippocampal protein oxidation and learning deficiencies in aged rats (Nicolle et al., 2001) . Research by (Urano and colleagues 1997; Fukui and Urano, 2007) has provided insight into microcellular changes in oxygen-exposed rats and nonmanipulated aged rats through synaptosome stimulation by potassium chloride (KCl). Both oxygen-exposed and normal aged rats demonstrated decreased acetylcholine release from the synaptosome terminal following KCl administration (Urano et al., 1997 (Urano et al., , 1998 . Because acetylcholine release is crucial for executive processes such as decision-making and attention, these results offer evidence that oxidative stress has a direct impact on cognitive networks.
Previous research has identified several other biological mechanisms by which oxidative stress contributes to impaired learning and memory consolidation. First, ROS-induced lipid peroxidation has been shown to alter the activity of LTP signaling pathways and enhance membrane impermeability, resulting in reduced LTP capacity (Lynch, 1998; Watson et al., 2006) . Second, aging is associated with increased inflammasome activation in hippocampal neurons, causing up-regulation of IL-1β and impaired modulation of synaptic plasticity (Mawhinney et al., 2011) . Animal studies have also demonstrated negative associations between activation of the hippocampal nucleotide-binding domain leucine-rich repeat inflammasome and spatial learning in aged rats (Mawhinney et al., 2011) . Third, age-related decline in glutamate release and NMDA receptor signaling causes a shift in intracellular redox status and subsequent inhibition of LTP (Knapp and Klann, 2002) . Reduced NMDA receptor involvement also results in altered intracellular calcium (Ca 2+ ) levels that decrease synaptic strength, reduce cellular excitability, and ultimately lead to long-term depression (Foster, 2007) .
Antioxidant defense mechanisms in the aging brain
Several antioxidant defense lines are involved in the detoxification of ROS in the human brain. The metalloproteins superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) provide the first line of antioxidant defense against ROS through enzyme-catalyzed dismutation of O 2 -to H 2 O 2 , which is further reduced to oxygen and water (Masella et al., 2005) . While these redox reactions are essential for limiting oxidative damage, highly reactive compounds such as electrophilic xenobiotics are often produced as a result of ROS interaction with macromolecules (Masella et al., 2005) . These secondary products require phase II detoxification enzymes such as glutathione-S-transferase (GST) to defend against complete lipid peroxidation (Sharma et al., 2004) .
Despite high demand for ROS detoxification, the brain contains significantly lower antioxidant concentrations compared with other organs in the body (Reiter, 1995) . Suboptimal antioxidant levels make it difficult to combat the large quantities of highly reactive polyunsaturated fatty acids, iron, and ROS that accumulate with age (Reiter, 1995) , particularly in the cerebral cortex, hippocampus, striatum, and hypothalamus (Favreliere et al., 1998; Ulmann et al., 2001; Yehuda et al., 2002; . Accordingly, analysis of postmortem brain tissue has revealed significant decreases in antioxidant activity in the hippocampus and frontal cortex with advanced age, specifically in the enzymatic activity of SOD, CAT, and GST (Venkateshappa et al., 2012a) . Similar reductions in SOD, CAT, and GPx activity in conjunction with increased protein oxidation have also been reported in the substantia nigra of aging individuals (Venkateshappa et al., 2012b) .
Although aging has been associated with a decline in cerebral antioxidant activity, several studies have reported elevated antioxidant levels in postmortem brain tissue of individuals with Parkinson's disease (PD) and Lewy body disease (Power and Blumbergs, 2009; Mythri et al., 2012) . This is consistent with recent findings from a magnetic resonance spectroscopy study that revealed a significant negative relationship between GSH (a GPxrelated enzyme) and poor neuropsychological performance among individuals with mild cognitive impairment (MCI; Duffy et al., 2014) . While these results may seem contradictory to antioxidant changes during normal aging, antioxidant activity may increase to compensate for the increased load of oxidative stress associated with neurodegenerative disease. It is difficult to determine the cause of increased antioxidant activity, however, as oxidative stress is a component of both normal aging and pathological processes (Albers and Beal, 2000) . There is additional evidence that previous reports of antioxidant markers obtained from postmortem tissue may not accurately reflect antemortem antioxidant activity due to inconsistencies in tissue storage time and agonal state of the donor (Harish et al., 2013) .
Given the methodological limitations of neurochemical studies, investigation of genetic predispositions for antioxidant deficiencies may be a more valuable method for evaluating age-related changes in antioxidant activity. Genetic risk factors for low antioxidant levels may explain a degree of variability in brain aging, and individuals with these risk factors might be susceptible to an accelerated risk for oxidative damage. In support of this hypothesis, genetic polymorphisms that encode the enzymes SOD, CAT, GPx, and GST have been associated with numerous disorders involving oxidative stress (Shimoda-Matsubayashi et al., 1996; Hamanishi et al., 2004; Zotova et al., 2004; Abu-Amero et al., 2006; Chistiakov et al., 2006; Weiner et al., 2007; Yalin et al., 2007; Kuzuya et al., 2008; Pera et al., 2008; Rajaraman et al., 2008; Tang et al., 2008; Capoluongo et al., 2009; Manfredi et al., 2009; Bid et al., 2010; Piacentini et al., 2012) .
Specific mechanisms of antioxidant enzymes and associated polymorphisms SOD
Three forms of SOD have been identified in the human brain, differing by their metal cofactor. Copper (Cu) and zinc (Zn) make up SOD1 and SOD3 and are located in the cytosol and extracellular space, respectively (Crawford et al., 2012) . Although abnormalities in SOD1 and SOD3 have been variably implicated in neuromuscular and cardiovascular conditions (Rosen et al., 1993; Fukai et al., 2002) , manganese SOD (also referred to as SOD2) is likely most relevant to brain integrity due to localization within the mitochondrial matrix (Holley et al., 2010) . SOD2 is an important enzyme for controlling ROS production because it is the only known antioxidant located within the mitochondria (Crawford et al., 2012) . Evidence from cortical cultured cell lines has shown that SOD2 overexpression is protective against NMDA and nitric oxide neurotoxicity (Gonzalez-Zulueta et al., 1998), a common consequence of age-related decreases in intracellular energy (Calabrese et al., 2004) . Similarly, deficient SOD2 expression in model organisms has shown to cause mitochondrial dysfunction, neuronal atrophy, and accelerated CNS senescence (Paul et al., 2007) .
Previous studies have investigated the impact of genetic polymorphisms encoding SOD2 in the human genome, particularly as it relates to disease risk. SOD2 contains a c.47T > C single nucleotide polymorphism (SNP; rs4880) that results in a missense mutation (valine > alanine) at position 16 of the mitochondrial targeting sequence (Soerensen et al., 2009 ). The C allele of SOD2 has been associated with neurodegenerative diseases including AD (Weiner et al., 2007) , PD (ShimodaMatsubayashi et al., 1996) , and sporadic motor neuron disease . In addition, the CC genotype has been associated with increased immunosenescence and DNA damage (Taufer et al., 2005) .
CAT
CAT is a critical antioxidant for monitoring H 2 O 2 concentrations in the intracellular space by reducing peroxisomal H 2 O 2 to oxygen and water (Babusikova et al., 2013a,b) . Although no studies have examined the impact of human CAT deficiency on the brain in vivo, animal studies have shown that CAT knockout mice demonstrate a slower rate of ATP synthesis in brain mitochondria compared with transgenic mice with CAT overexpression (Schriner et al., 2005) . Similarly, transgenic mice with overexpressed mitochondrial CAT are associated with decreased oxidative damage, longer life span, and neuroprotection against cerebral ischemia (Schriner et al., 2005; Armogida et al., 2012) .
The promoter region of the human CAT gene contains a common SNP (rs1001179) that involves a cytosine-to-thymine substitution at amino acid -262 of the 5′ region (CAT-262C > T). Evidence suggests that enzymatic expression of the CAT-262 C and T alleles may differ between organ tissues (Forsberg et al., 2001) , and as a result, a clear risk allele for neurodegeneration has not been defined. However, there is literature to suggest that the common C allele poses a greater risk for oxidative damage in the CNS than does the minor T allele. Specifically, the T allele has shown to protect against the development of diabetic neuropathy and acoustic neuroma compared with the C allele (Zotova et al., 2004; Chistiakov et al., 2006; Rajaraman et al., 2008) . Research specifically regarding CAT-262C > T and brain integrity is limited; however, and the extent to which allele variation imposes enhanced risk for neurodegenerative disease is unclear.
GPx
GPx is a selenium-dependent enzyme that detoxifies H 2 O 2 in the cytosol and mitochondria and is responsible for recycling GSH (Brigelius-Flohé and Maiorino, 2013) . Of the five defined isoforms, GPx1 is most commonly researched in the context of human disease, as it is located ubiquitously throughout the body (Lubos et al., 2011) . Cerebral concentrations of GPx1 are predominantly located in white matter microglia, although low levels are present in most neurons (Power and Blumbergs, 2009) . Previous studies have shown that GPx1 overexpression protects against experimental stroke and postischemic infection via attenuated apoptosis (Hoehn et al., 2003) , which is consistent with findings of increased apoptosis in GPx1 knockout mice (Crack et al., 2001 ). There is additional evidence that neurons can direct GPx1 activity to pathogenic areas of cell toxicity, specifically in the envelopment and degradation of unstructured Lewy bodies (Power and Blumbergs, 2009 ).
The GPx1 gene contains an SNP at position 197 (previously identified at positions 200 and 198, NCBI) of the peptide sequence (rs1050450; formerly c.593C > T) that involves a cytosine-to-thymine substitution for proline and leucine (Pro197Leu; Crawford et al., 2012) . Only one study has examined the impact of Pro197Leu on brain integrity, and results revealed a positive association between the Leu allele and lobar primary intracerebral hemorrhage (Pera et al., 2008) . The Leu allele has also been identified as a risk factor for diabetic atherosclerosis (Hamanishi et al., 2004) , metabolic syndrome (Kuzuya et al., 2008) , and coronary artery disease (Tang et al., 2008) .
GST
Cytosolic GSTs belong to a superfamily of isoenzymes responsible for detoxification of xenobiotics, toxins, and reactive end products (Hayes et al., 2005) . The cytosolic GST family can be further divided into eight subclasses: Alpha, Kappa, Mu, Pi, Sigma, Theta, Zeta, and Omega (Hayes and Strange, 2000) . The Mu class of the human GST gene family (GSTM1) is highly expressed in brain tissue and contains an enzyme deletion polymorphism that contributes to impaired GST function (Babusikova et al., 2013a) . GSTM1 is present in two functionally equivalent alleles (A and B) and appears as heterozygous or homozygous (denoted as GSTM1*1/1 and GSTM1*0/1), although heterozygosity is rarely examined independently due to the dominant effect of the enzyme deletion (Carlsten et al., 2008) . Homozygosity for the null allele (GSTM1*0/0) results in a complete loss of enzymatic activity and detoxification capacity of xenobiotics and carcinogens (Capoluongo et al., 2009) . GSTM1*0/0 has also been shown to be a significant risk factor for hypertension among smokers (Capoluongo et al., 2009) , those with type II diabetes mellitus (Yalin et al., 2007; Bid et al., 2010) , and those with coronary artery disease independent of smoking status (Abu-Amero et al., 2006; Manfredi et al., 2009 ). More recently, the null allele has shown to be a significant risk factor for late onset AD (Piacentini et al., 2012) .
Antioxidant enzyme expression in the aging brain
Oxidative stress is primarily responsible for regulating gene expression of antioxidant enzymes and is highly variable between individuals (Franco et al., 1999) . This may explain why previous studies of antioxidant enzyme expression have been somewhat contradictory. Some studies have reported decreased antioxidant activity in erythrocytes with age (Perrin et al., 1990; Guemouri et al., 1991; Artur et al., 1992; Andersen et al., 1997) , while others have reported no change in antioxidant activity in plasma and erythrocytes of healthy aging individuals (Barnett and King, 1995; Loguercio et al., 1996; Wang and Walsh, 1996) . Contrary to both of these findings, Rizvi and Maurya (2007) reported increased antioxidant activity in response to age-related increases in ROS production.
Genetic expression of antioxidant enzymes in the brain is even less understood and appears to vary with age (Lu et al., 2004) . Previous research has identified relatively homogenous expression levels in the brain among individuals ≤ 42 years old and individuals ≥ 73 years old and heterogeneous enzyme expression between ages 43 and 72. There is additional evidence that extensive oxidative DNA damage is associated with lower levels of gene expression in the aging brain and that this effect is most robust in genes that are down-regulated with advanced age (Lu et al., 2004) . Collectively, these findings suggest that early changes in genomic expression, particularly those related to oxidative processes, may impact agerelated neurodegeneration and subsequent cognitive decline.
Antioxidant defense genes and neuropsychological performance
Despite biological evidence of an oxidative impact on brain integrity and cognitive processes, only one largescale genetic association study has explored relationships between antioxidant defense SNPs and cognitive aging . In a study by Harris et al. (2007) , longitudinal data were obtained from nondemented individuals from the Lothian Birth Cohort of 1921 (LBC1921; n = 437) and the Aberdeen Birth Cohort of 1936 (ABC1936; n = 485). To examine cognitive change across the lifespan, individuals in the LBC1921 were evaluated at ages 11 and 79 on a test of nonverbal reasoning (Raven's Standard Progressive Matrices; Raven et al., 1990) . Individuals in the ABC1936 were evaluated at ages 11 and 64 on the same cognitive test. Of the 325 SNPs examined, joint analysis of both cohorts revealed a significant relationship between an SNP in the amyloid precursor protein gene (APP; rs2830102) and later-life cognitive performance . Specifically, GG genotypes (risk) demonstrated significantly lower cognitive scores on later-life performance on the Raven's test compared with the AG and AA genotypes, with a dose-response trend effect of the G allele on cognitive function. Because APP encodes the precursor protein for Aβ, these results provide modest evidence for a relationship between genetic risk for oxidative stress and cognitive aging. It is likely that more robust associations were not found due to the genome-wide assumption that SNPs contribute to only a small portion of variance in any given population (Frazer et al., 2009 ), making it difficult to identify SNPs associated with heterogeneous 'conditions' such as cognitive aging.
Only one candidate polymorphism study has been conducted on a phase I antioxidant defense SNP (CAT-262) and aging phenotypes in healthy older adults (Christiansen et al., 2004) . In this study, the total score on the MiniMental State Examination was used to evaluate cognitive performance, which is a screening measure designed to detect severe cognitive impairment (Folstein et al., 1975) . A composite neuropsychological score of tests that assess executive function and memory was also used to evaluate cognitive performance in this cohort. No significant differences were observed between groups with and without genetic risk alleles of CAT-262, although this may have been due to methodological limitations related to the cognitive evaluation (Christiansen et al., 2004) . Thus, the relationship between genetic risk for decreased antioxidant defense and brain aging remains largely unknown.
This gap in the literature represents an important area for future research. Although the relationship between aging and oxidative stress has been well established, few studies have examined the impact of genetic risk for increased oxidative damage as a mechanism of agerelated cognitive decline, and no studies have combined neuroimaging and neuropsychological indices to examine the impact of these risk factors in older individuals.
What do we know and where do we go from here?
Research on oxidative stress is replete with information regarding biochemical and molecular processes in the aging brain that culminate into three key messages. First, the high susceptibility of OLs and myelin to oxidative damage suggests that age-related white matter abnormalities may be greater among individuals with genetic risk for antioxidant deficiencies. Second, relationships between cerebral blood flow (CBF) and neural activity can be disrupted from high concentrations of ROS (Jackman and Iadecola, 2013) , suggesting that individuals with a genetic risk for oxidative damage may exhibit robust changes in cerebral circulation. Third, impaired synaptic transmission and LTP through ROS-induced alterations of metabolic pathways (Lynch, 1998; Watson et al., 2006) suggests that individuals with low antioxidant expression may be at risk for more severe age-related cognitive decline.
The sections below discuss specific methodological strategies and design considerations for each of these research implications, along with the importance of the knowledge to be gained.
Examination of white matter integrity in vivo
Among individuals with AD and MCI, the frontal and temporal lobes demonstrate high levels of protein oxidation (Butterfield et al., 2006; Ansari and Scheff, 2010; Venkateshappa et al., 2012a,b) , and individual differences in oxidative load may explain a piece of the relationship between normal aging and dementia. White matter in the frontal and temporal lobes might be particularly susceptible to oxidative damage under conditions of decreased antioxidant defense, yet no studies have investigated this relationship in vivo.
Diffusion tensor imaging (DTI) is a noninvasive neuroimaging technique used to measure directional properties of water diffusion in white matter tracts (Basser and Pierpaoli, 2011) . Because diffusion of water molecules in brain white matter is directionally restricted (referred to as anisotropy), DTI can detect structural abnormalities when there is a directional change in water movement. Fractional anisotropy (FA) and mean diffusivity (MD) are common scalar metrics of white matter integrity, which measure the rate and directional properties of water molecules within an image voxel (Assaf and Pasternak, 2008; Burzynska et al., 2010) . Age-related white matter decline is typically represented by decreased FA and increased MD, which likely reflect myelin loss and axon degeneration. Axial diffusivity (D A ) and radial diffusivity (RD) are DTI vector metrics that measure water diffusion parallel and perpendicular to a myelinated axon, respectively. Initial stages of axon fragmentation typically correspond to increased D A and decreased RD (Burzynska et al., 2010) , although other diffusion patterns have been reported (Thomalla et al., 2004; Acosta-Cabronero et al., 2010; Burzynska et al., 2010) . Because previous research has identified relationships between neurodegenerative disease and elevated frontal and temporal lobe protein oxidation (Butterfield et al., 2006; Ansari and Scheff, 2010; Venkateshappa et al., 2012a,b) , DTI studies should examine lobular white matter integrity in individuals with and without genetic risk factors for antioxidant defense SNPs to determine if genetic risk for increased oxidative damage is associated with similar region-specific changes in healthy older adults.
DTI-based tractography can also be used to investigate the microstructural integrity of specific white matter tracts. Fiber tracts such as the uncinate fasciculus and cingulum bundle may be particularly vulnerable to oxidative damage, given their anatomical relationships to frontal and temporal lobe structures (Lamar et al., 2013) . However, it is important to first determine if antioxidant SNPs are associated with more diffuse white matter changes in order to establish precedence for tract selection and minimize statistical error rates that arise from multiple comparisons. Further, if tract-specific effects are observed prior to examination of lobular white matter, there is a risk that tract changes are a result of a general, shared effect within a larger brain region (Bennett and Madden, 2013) , rather than a distinguished effect of a specific fiber bundle.
Oxidative stress has also been implicated in the etiology of ischemia and CVD (Calingasan and Gibson, 2000; Kobayashi et al., 2005; Zhu et al., 2007) , which results in the development and progression of white matter lesions (Soderlund et al., 2003) . White matter lesions can be readily visualized as hyperintense signals on T2-weighted magnetic resonance imaging (MRI), and two categories of lesions are commonly referenced in the aging literature (Kim et al., 2008) . Periventricular hyperintensities are punctate lesions that appear as lucent 'caps' and 'halos' that surround the cerebral ventricles, whereas deep white matter hyperintensities appear as patchy and confluent areas of signal intensity in subcortical regions (DeCarli et al., 2005) . Periventricular hyperintensities are more commonly observed in healthy older adults, and there is some evidence to suggest that these lesions may be etiologically distinct from those in deep subcortical white matter (Fazekas et al., 1987; Murray et al., 2005) . However, there is substantive evidence that both types of lesions share many of the same vascular risk factors (Murray et al., 2005) and that the functional impact of these lesions is mutually dependent on total lesion volume and anatomical location (Yoshita et al., 2006; Sachdev et al., 2008; Maillard et al., 2009) . It is possible that individuals with genetic risk factors for decreased antioxidant defense exhibit increased severity of white matter lesions compared with age-matched controls.
Functional neuroimaging of cerebral circulation
In addition to white matter lesions, CVD pathology is characterized by hemodynamic instability and variability in perfusion pressure (Ebrahimi, 2009) . Oxidative stress contributes to vascular aging in the CNS, suggesting that increased oxidative load may accentuate cerebrovascular abnormalities such as hypoperfusion, arterial tortuosity, venous collagenosis, and microembolic insults (for review, see Brown and Thore, 2011) . Blood oxygen level-dependent (BOLD) functional MRI (fMRI) measures in vivo CBF by mapping the magnetic distortion of oxyhemoglobin conversion to deoxyhemoglobin. Magnetic patterns of CBF provide a relative measure of neural activity (Ogawa et al., 1990) . High concentrations of ROS can cause 'neurovascular coupling' (Girouard and Iadecola, 2006) , which disrupts neural activity and causes a net decrease in CBF (Buxton and Frank, 1997) .
A major advantage of BOLD fMRI is its ability to obtain structural and functional measures of the brain concurrently (Ogawa et al., 1990) . BOLD contrasts are often used to map CBF patterns during specific cognitive tasks, and previous studies have shown decreased signal intensities on motor and visual tasks among the elderly (Kannurpatti et al., 2010) . Research has indicated that these changes are predominantly due to CVD pathology, such as reduced compliance of the vessel wall (D'esposito et al., 2003) . Because antioxidants such as SOD and CAT are present in vascular cells (Rodriguez-Rodriquez and Simonsen, 2012) , individuals with a genetic risk for low antioxidant activity may exhibit reduced vascular compliance and attenuated CBF.
Measurements of cerebral metabolism in vivo
In vivo investigation of cerebral metabolism is an important area of research to explore given our current understanding of the microphysiology that subserves oxidative processes. It has been previously established that ROS accumulation impairs synaptic transmission and LTP through neurochemical alterations of metabolic pathways (Knapp and Klann, 2002) . Animal studies have identified relationships between oxidative stress and neurotransmitter downregulation (Madamanchi et al., 2005 ), yet it is unclear if low antioxidant activity contributes to these changes in the human brain. Further, neurochemical abnormalities might be exacerbated among individuals with genetic risk for antioxidant deficiencies, and these changes may vary according to relationships between specific neurochemicals and antioxidants (Madamanchi et al., 2005) .
Magnetic resonance spectroscopy is a unique imaging modality that measures brain metabolites to evaluate the structural composition of brain tissue (Ross and Bluml, 2001) . Abnormalities in specific metabolite concentrations have been implicated in the pathogenesis of normal aging and neurodegenerative disease (Harris et al., 2014) . The metabolites N-acetyl aspartate, choline, glutamate, and myo-inositol serve as markers of cellular integrity (Soares and Law, 2009 ) and have shown to be sensitive to aging mechanisms of oxidative stress (Harris et al., 2014) . There is additional evidence that metabolite sensitivity to oxidative load may differ between brain regions (Harris et al., 2014) , and this effect may be exacerbated among individuals with genetic risk for suboptimal antioxidant defense. Regional investigations of metabolite concentrations among individuals with genetic risk for antioxidant deficiencies are needed to understand specific metabolite changes in brain regions susceptible to high levels of protein oxidation.
Taken together, neuroimaging can inform future research investigations of oxidative stress among individuals with genetic risk for antioxidant deficiencies. Each of these modalities provides independent details about structural and functional brain integrity that will further our understanding of the neurobiological variables that underlie cognitive aging.
Conclusions
Oxidative stress is considered a risk factor for brain deterioration among older individuals, and it is possible that genetic risk for enhanced oxidative stress is a key factor associated with variability in cognitive function among older adults. Allele variations in SOD2, CAT -262, GPx1 Pro197Leu, and GSTM1*0/0 have been associated with abnormal antioxidant concentrations in human brain tissue and have been identified as risk factors for disease development. Reduced antioxidant defense mechanisms in the brain contribute to accumulation of toxic ROS and progressive neurodegeneration during normal aging, yet it is unclear if certain genetic risk factors contribute to premature neurodegeneration as a result of deficient protection against age-related increases in highly reactive compounds. Individuals with a genetic predisposition toward antioxidant deficiencies in the brain might be susceptible to an accelerated risk for neuronal decline and cognitive difficulties as a reflection of oxidative-induced structural brain impairment.
Given longer life expectancies, it is particularly important to examine genetic markers of oxidative vulnerability in otherwise healthy adults to identify potential intervention targets for future research investigations. Importantly, identifying genetic risk factors for decreased brain health will further our knowledge of variability associated with the aging brain.
